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Abstract: Controlling the directionality of surface plasmon polaritons (SPPs) has been widely 
studied, while the direction of SPPs was always switched by orthogonal polarizations in the 
reported methods. Here, we propose a scheme to control the directionality of SPPs for arbitrary 
input of spin polarizations. Specifically, the device can split two quite adjacent polarization 
components to two opposite directions. The versatility of the presented design scheme can 
provide opportunities for polarization sensing, polarization splitting and polarization-controlled 
plasmonic devices. 
 
Index Terms: Surface plasmons, Metamaterials, Polarization-selective devices. 
 
1. Introduction 
Surface plasmon polaritons (SPPs) are electromagnetic excitations constituted by a light 
field coupled to a collective electron oscillation, and  they propagate along the interface between 
a metal and a dielectric [1]. They have attracted lots of research interests because of their 
intriguing properties such as field localization and enhancement. Nowadays, the SPPs have 
been widely used in a variety of interesting applications, such as plasmon focusing [1-9], 
plasmonic complex-field generation [10-12], directional coupling [13-18]. 
One of these important branches of researches about SPPs is the directional coupling 
controlled by input polarizations. Various polarization-controlled plasmonic directional launching 
methods were reported. For example, using the meta-slit structures composed of arrays of 
subwavelength-scale nanoslit segments, the SPPs could be alternatively launched into the two 
opposite directions by switching the handedness of the incident circularly polarized light [13, 14, 
19]. Subsequently, various derivative applications were exploited, such as plasmonic Lens [9, 
20], polarimeter [21, 22] ,plasmonic complex-field shaping [12, 16, 23], reflectionless directional 
converters between freely propagating visible photons and SPPs [24], and plasmonic 
holography [25]. Other structures of polarization-controlled directional coupling of SPPs were 
also covered, like utilizing U-shaped subwavelength plasmonic waveguides [26], single nanoslit 
[27], ∆-nanoantennas [17], split-ring-shaped slit resonators[15] and arrays of gap SPP 
resonators [28]. These methods can extend the applicationsin polarization-sensitive SPPs 
excitation and polarization sensing. However, the existing methods shows that the directionality 
of SPPs is always controlled by orthogonal polarizations. In fact, Spin-split of non-orthogonal 
polarizations is considerably necessary in some applications (e.g., polarization sensing and 
polarization splitting).  
In this letter, we propose a method to control the directionality of SPPs by switching the 
handedness of input arbitrarily elliptically polarized light. Impressively, it turns out that the device 
can split two quite adjacent polarization components with a high extinction ratio. Our method 
provides opportunities for polarization sensing, polarization splitting and polarization-controlled 
plasmonic devices. 
 
2. Principle and Structure 
 
Fig. 1. (a) Schematic diagram and (b) input elliptically polarized light. 
The directional SPPs coupler consists of two columns of air nanoslit arrays with 45° and 135° 
orientations respectively, as shown in Fig. 1(a). The two columns are placed at the symmetric 
positions of x-axis and the space between them is S . Here, we define the parameter of 
o o360 / -180spS   as the elliptical angle of the device (EAD). The rectangular nanoslit arrays are 
fabricated in the 150-nanometer-thick gold surface and the dimensions of nanoslits are 50 nm * 
200 nm. The period in y-direction labeled by D  is / 2SP . The input wavelength is 633 nm and 
the SPPs wavelength 
SP  is calculated to be 606 nm [13]. Here, the incident polarization state is 
expressed as [13, 15] 
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A nanoslit in a metal film selectively scatters incident light that is polarized perpendicular to it, 
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Where RE  and LE  indicate the SPPs fields propagating to the right and the left sides. Figure 2 
illustrates the normalized SPPs power propagating to either side of the coupler as a function of 
the polarization state of the normally incident light according to Eq. (2) for three structures, i.e., 
EAD = 90°, 20°, 160° (
o360 / spS   = 
o90 , o160 , o340 ) respectively. The power is normalized to 
coupling power of circularly polarized light incident upon the device with structure parameter of 
EAD =90°. It can be seen in Fig. 2 that the SPP excitations are different from each other. And 
interestingly, there are always two polarization states existing to make the SPP waves only 
propagate to left side and right side respectively, such as, Polarization B and Polarization E for 
EAD = 90°, Polarization C and Polarization D for EAD = 20°, Polarization A and Polarization F 
for EAD = 160°. It meets requirements of = EAD   and  = 45°, which indicates the input 
light is a standard elliptically or circularly polarized light, as shown in Fig. 1(b). In the case, the 
Jones matrix can be rewritten as  sin cos
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represent the left and right handedness respectively. When 
o o360 / 2 180spS     , the SPPs 
field intensities can be written as  
   2 24sin ( 1) 4sin ( 1)R LI I     ， .                              (3) 
 
Fig. 2. Distribution of normalized power between the SPP waves propagating to either side of the coupler as a function of the 
polarization state of the normally incident light according to Eq. (1) and Eq. (2). 
From Eq. (3), we can see that the spin-controlled directional coupling of SPPs is achieved 
and the coupling efficiency is proportional to  2sin EAD . For arbitrarily elliptically polarized light, 
the spin-controlled directional coupling can be achieved equivalently by rotating the SPPs 
device by a certain angle, to make the fast axis or slow axis parallel to the columns of nanoslit 
arrays. For simplicity, we only consider the standard elliptically or circularly polarized light. 
 
3. Results  
We use a three-dimensional finite difference time domain (FDTD) method to simulate the SPPs 
field. Firstly, the influence of the space ( S ) on the SPPs field excited by each column of nanoslit 
arrays is studied under the periodic boundary condition. When a p-polarized or s-polarized unit 
light is incident upon the device, the power distributions and phase distributions at right and left 
sides (obtaining by two linear monitors placed at = 5x m ) are shown in Fig.3 and Fig.4 (a). 
We can see that the powers from two polarizations are quite different when 0.25 spS  , and 
become consistent with a power difference < 0.7 dB when 0.25 spS  .The reason is that the 
two columns will have enhanced interaction with each other, such as mode coupling, when they 
are too close together. And the interaction can be ignored when they are apart. For the same 
reason, the phase distributions have the similar phenomena. From Fig.4 (a), we can see that 
the phase distributions have approximate slopes of 
o180 . In order to clearly see the phase 
errors, we calculate the phase differences of two SPPs in the same side excited by two input 
polarizations. The phase errors are obtained by subtracting the phases caused by optical path 
differences (S) from the phase differences. More specifically, the right phase errors are 
expressed as 
o
, , 360 /R p R s S    , where ,R p  ( ,R s ) is the monitored phase in the right 
monitor when the p-polarized (s-polarized) unit light is input. Similarly, the left phase errors are 
expressed as , , 360 /
o
L s L p S    . The phase errors in two sides are shown in Fig.4 (b). We 
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can see that the phase errors are quite large when 0.25 spS   and become smaller than 5° 
when 0.25 spS  . Based on the analysis, we should always choose 0.25 spS   in the following 
design. In the simulations, we chose  
o o360 / 180 -2spS    when 
o2 90   and 
o o360 / 180 +2spS    when 
o2 90   to avoid the undesired region. 
 
Fig. 3. Power distributions dependent on the space in left or right sides (labeled by “Left” or “Right”) when a p-polarized (labeled 
by “Ep”) or s-polarized (labeled by “Es”) unit light is input.  
 
Fig. 4. (a) Phase distributions and (b) phase error distributions dependent on the space in left or right sides (labeled by “Left” or 
“Right”) when a p-polarized (labeled by “Ep”) or s-polarized (labeled by “Es”) unit light is input. 
We simulate the SPPs fields of various devices with 50 nanoslits in y-direction and a 
perfectly matched layer (PML) is used as the boundary treatment. Figure 5 presents the SPPs 
amplitude distributions for various spin-controlled directional coupling when the input parameter 
2 =90°, 20°, 160°. From Figs. 5(a-c), one can see that our scheme can split various left-hand 
elliptically polarized (LEP) and right-hand elliptically polarized (REP) components to two 
opposite directions with a high polarization extinction ratio (PER), when the parameters of the 
device and the input light match with each other. Furthermore, the coupling efficiency is down 
obviously when the eccentricity of input elliptical polarization increases. It is reasonable because 
the coupling efficiency is proportional to. Besides, the coupling directions depending on 
handedness are inverse when 2 =20° and 160°, as shown in Figs. 5 (b) and (c). It is caused by 
the fact that the selection rule of structure parameter of EAD is changed, in other words, they 
choose the opposite signs in Eq. (3). In fact, the device in Fig. 5 (a) is a special case reported in 
Ref. [13], where the direction of SPPs was switched by left-hand and right-hand circularly 
polarized light (LCP and RCP).  When the LCP or RCP light is incident upon the device with 
unmatched EAD, the effect of splitting becomes quite poor, as shown in Fig. 5 (d). 
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 Fig. 5. The SPPs amplitude distributions for various spin-controlled directional coupling. 
 
Fig. 6. (a) The relative coupling efficiency and (b) polarization extinction ratio for various spin-controlled directional coupling.  
More detailed simulations for various perfect spin-controlled directional coupling devices are 
made to analyze the performances, such as the relative coupling efficiency and PER. Here we 
study the situation that the structure and the incident light match with each other (i.e., 2 =EAD). 
The results are depicted in Fig. 6. The coupling efficiency is obtained by sum of the power in 
two sides and normalized relative to the case of EAD=90°. From Fig. 6. (a), we can see that the 
coupling efficiency is approximately proportional to  2sin EAD  and consistent to the theoretical 
results. In addition, the coupling efficiency reaches to the maximum value when EAD is slightly 
larger than 90°. The reason is that the power difference and phase difference when S  is near
0.75 sp is generally smaller than the ones when S  is near 0.25 sp , which can be seen from 
Fig.3 and Fig. 4 (b). For more intuitive, we define PER as the power ratio between right side and 
left side. So the SPPs mainly propagate to the right side when PER>0 and to the left side when 
PER<0. The results are depicted in Fig. 6 (b). The device works very well and we can achieve a 
large value of PER when the EAD and the input polarization match (Labeled by “LEP” and 
“REP”), and still maintain good performance even if the eccentricity of input elliptical polarization 
is near 1. It implies that our method can split two quite adjacent polarization components to two 
opposite directions with a good PER. According to our results, the PER is about 7 dB when the 
EAD=10° (the eccentricity is > 0.996). The signs of PER are inverted when EAD < 90° and EAD > 
90° since the selection rule of EAD is changed. Specifically, they choose the opposite signs in 
Eq. (3). The value of PER decreases obviously when the EAD doesn’t match the input 
polarization, such as the results of Fig. 6 (b) (Labeled by “LCP” and “RCP”) when the LCP or 
RCP light is incident upon various devices with unmatched EAD. Furthermore, the PER reaches 
its maximum value when EAD is near 90° and decreases as EAD is away from 90°. Also, the 
error tolerance of device parameters decreases when the eccentricity of input elliptical 
polarization increases. For example, when we only consider the phase error caused by the 
device, the phase error is quantized by  , then we have  
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From Eq. (4), we can see that the PER  is proportional to  2sin 2 / 2   . And since the 
phase error is comparatively small as we showed before, it can be ignored when 2  is near 
o90 , which means that the input polarization is close to circular polarization. And the error 
tolerance will go bad when 2  is away from o90 , and the input polarization is close to linear 
polarization at the same time.  
The coupling efficiency and the PER can be further improved by increasing the columns of 
air nanoslit arrays with a period of sp  in x-direction. Figs. 7(a) and 7(b) show an example when 
EAD= 20° and the structure has five periods of air nanoslit arrays. The coupling efficiency is 
increased by a factor of about 21 and the PER is increased from 11.87 dB to 15 dB. The 
increased coupling efficiency is caused by the increased coupling region. The increasing PER is 
due to the truth that the SPPs excited by each column are constructively interfered in one 
direction. And in the other direction, the SPPs excited by each period are mainly caused by the 
power imbalance and phase errors. This part of SPPs will be not always constructively 
interfered.  
  
Fig. 7. The SPPs amplitude distributions for five periods of air nanoslit arrays.  
Our method can control the directional coupling of SPPs by the handedness of arbitrarily 
elliptically polarized light. The coupling efficiency and the PER can be further improved by 
periodically increasing the columns of air nanoslit arrays. Our device can split two quite adjacent 
polarization components to two opposite directions exactly. Figs. 7(c) and 7(d) show an 
example when the EAD = 5° with five periods of arrays. We can see that the directional coupling 
of SPPs is still effective although the two elliptically polarized light are quite close to the same 
horizontal polarization. The calculated PER is about 7.8 dB. This property shows promising 
applications in special polarization sensing and special polarization splitting. 
 
4. Conclusions 
In conclusion, a method is presented to control the directionality of SPPs by switching the 
handedness of input arbitrarily elliptically polarized light. The coupling efficiency and the PER 
are studied in detail. We achieved a great value of PER when the EAD match the input 
polarization, and the PER still maintain great quality even if the eccentricity of input elliptical 
polarization is near 1. Consequently, the device can split two quite adjacent polarization 
components with a high extinction ratio. Our method provides opportunities for polarization 
sensing, polarization splitting and polarization-controlled plasmonic devices. 
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